Abstract. Transparent conducting films of zinc oxide co-doped with aluminum and gallium (AGZO) were deposited on sapphire (single crystal of aluminum oxide) substrates by spray chemical vapor deposition. The AGZO films were epitaxial or with strongly preferred-orientation. The highest mobility was 48 cm 2 V -1 s -1 when deposited on r-plane. Deposition on other surfaces doubled the mobility to approximately 30 cm 2 V -1 s -1 than that on glass substrate. Resistivity of all films deposited on sapphire substrate were lower than 1.0×10 -3 Ω·cm and lower than that (2.4×10 -3 Ω·cm) deposited on glass substrate. The lowest resistivity was 5.8×10
Introduction
Transparent conducting films are necessary for solar cells, flat panel displays, touch panels etc. Major deposition method at present is physical vapor deposition such as magnetron sputtering. The authors reported tin-doped indium oxide (ITO; indium-tin-oxide) films deposited by original spray chemical vapor deposition very cheaply [1] . The resistivity (7.7×10 -5 Ω·cm) when deposited on glass substrate agreed with the value reported by Ohta et al. [2] who deposited on yttrium-stabilized zirconia (YSZ) single crystal substrate using pulsed laser deposition. Since indium is rare element, aluminum and/or gallium-doped zinc oxide (AGZO or AZO or GZO) are important as an alternative material. Low resistivity AGO or GZO films can be deposited by PVD. However, it has been very difficult by chemical process including our spray CVD. Present study challenges to improve mobility and lower the resistivity of AGZO films by depositing on single-crystal substrates.
Experimental

Film Deposition
Mirror-polished sapphire substrates (10 mm×10 mm×0.5 mm) with c, a, r and m-plane were supplied from Crystal Base Co. and used without thermal treatment prior to the film deposition. Sapphire substrates and non-alkali glass substrates (Corning EAGLE XG, 10 mm×10 mm×0.7 mm) were ultrasonically cleaned in Semicoclean 56 (Furuuchi Chemical Co.), rinsed in pure water and boiled in acetone.
Zinc A sapphire substrate and a glass substrate were heated at 400 o C on a hotplate (Corning PC-400D). The surface temperature of the substrates was measured by contact-type resistance thermometer (RKC Instrument, DP-300). The solution was sprayed manually 300 times at the interval of 5 s using an atomizer (SHO-BI, PV14033-00) to deposit AGZO films. Distance between the nozzle and the substrates were 15 cm. The films were annealed in the electric furnace at 600 o C for 1 h in reducing atmosphere of N 2 -0.1%H 2 to lower the resistivity.
Film thickness was determined by X-ray fluorescence analysis (energy-dispersive type, JEOL JSX-3200) using fundamental parameter method assuming the film density is 5.60 g/cm 3 .
Results and Discussion
Crystal Orientation Figure 1 shows X-ray diffraction spectra of AGZO films after the post-deposition annealing. The spectrum of the film deposited on a glass is amplified 10 times since the peak intensity was weaker. The intensity ratios of nine ZnO peaks were similar to the values of database (powder specimen) so that crystal orientation of AGZO film on glass was approximately random. 
? Figure 1 . X-ray diffraction spectra for AGZO films.
All films deposited on sapphire substrate accompanied one or a few strong and sharp peaks. Pole figure of AGZO film (not shown) deposited on sapphire c-plane for ZnO (103) diffraction (2θ, 62.86 o ) showed spots with three-fold a x i s o f symmetry, by which the crystal domain with (002) diffraction in Fig. 1 was identified as epitaxial. The crystal domain with (101) diffraction in Fig. 1 was interpreted as highly-preferred orientation (in-plane direction random). Pole figure of the film (not shown) deposited on sapphire m-plane for ZnO (103) diffraction showed spots of two different symmetry groups, by which epitaxial (double domain) was estimated. The films deposited on r and a-plane was interpreted as strongly preferred-orientation (in-plane direction random).
Electrical Properties
Relation between mobility and carrier electron density is shown in Figure 2 . The dotted line shows the resistivity 1×10 -4 Ω·cm. Results by physical vapor deposition are plotted in this figure for reference.
The Ω·cm when deposited on c-plane. This value is compatible or slightly higher than the reported ones of AZO or GZO films deposited by PVD. Kim et al. [3] reported lower resistivity (2.2×10 -4 Ω·cm) for AZO film deposited on c-plane by pulsed laser deposition. Zhu et al. [4] reported slightly higher resistivity (3.0×10 -4 Ω·cm) of AGZO films by magnetron sputtering on glass. The carrier electron densities deposited by PVD were much higher than the present results although the mobility was compatible. Figure 2 . Relation between mobility and carrier electron density for zinc oxide films.
Conclusions
AGZO transparent conducting films were deposited on sapphire substrate by spray chemical vapor deposition. The film deposited on c and m-plane were epitaxial. The crystal orientation of the films deposited on a and r-plane were interpreted as strongly preferred-orientation (in-plane direction random). All films deposited on sapphire surface were higher in mobility and lower in resistivity than that on glass substrate. The highest mobility was 48 cm 2 V -1 s -1 when deposited on r-plane. The lowest resistivity was 5.8×10 -4 Ω·cm deposited on c-plane.
